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A need exists for a more robust method of evaluating musculoskeletal injuries
resulting from impact conditions, particularly blasts. Computational modeling is a
promising method of achieving this goal. The accuracy of a model depends on high
quality mechanical properties for each component. This study examined the mechanical
properties of porcine muscle along with structure property relationships. Fresh muscle
was tested in compression and tension at strain rates of 0.1 s-1, 0.01 s-1, and 0.001 s-1.
Viscoelastic properties were observed including strain rate dependency, stress state
dependency, anisotropy, relaxation, and hysteresis. Image analysis was conducted in
compression on controls, 30% strain, and 50% strain, relating stress-strain data with
structural changes. The effect of rigor was also seen in the tensile response of muscle.
Thawed tissue was examined to investigate the effects of freezing. It was found that
freezing did not significantly change the mechanical properties, but substantial
microstructural changes did occur.
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CHAPTER I
INTRODUCTION
1.1

High rate injuries
High rate injuries occur from blast explosions and vehicular crashes causing

serious and costly injuries. In battlefield situations, blast injuries occur in significant
numbers. More than half of the hostile casualties in Operation Iraqi Freedom (OIF) are a
result of anti-vehicular (AV) landmines and improvised explosive devices (IED) [1].
Kevlar vests have led to a decrease in torso injuries, while at the same time the frequency
of IED use has increased. Armor for extremity protection is available, but it leaves some
areas of the body exposed and it is not always worn because it is inconvenient [2]. This
combination has led to more numerous and severe extremity injuries with soft-tissue,
bone, and vascular damage [3, 4]. The percentage of injuries by type and anatomical
location varies according to the location of injury incident and the time period of data
collection. During OIF and Operation Enduring Freedom (OEF) lower extremity injuries
range from 24% to 34.5% of all injuries [1, 2, 4, 5]. Lower extremity injuries are more
likely to be serious or fatal than upper extremity injuries. Blast explosions account for
46% to 75% of all lower extremity injuries [1, 4, 5]. Blasts produce a variety of wounds
with approximately 50% of the lower extremity injuries being open penetrating soft tissue
wounds and 26% being fractures [2, 6].
Furthermore, serious non-blast lower extremity injuries are a frequent occurrence
in civilian situations. In pedestrian accidents approximately one third of the injuries
1

scoring a two or higher on the abbreviated injury scale (AIS) were lower extremity
injuries [7]. In motorcycle accidents, the injured have an average of slightly less than two
injuries each with approximately 47% having lower extremity injuries. These injuries
prove to be expensive as statistics from 2008 show hospital charges have a median value
of $21,539 for a single lower extremity injury and $37,957 for multiple lower extremity
injuries with 25% of patients exceeding $63,000 [8].
Blast events involve the rapid transformation of a solid or liquid into a gas
creating unique injury patterns. The gas spreads outward as a high-pressure blast wave
exceeding the speed of sound (Figure 1.1). The air is highly compressed on the leading
edge of this blast wave producing a nearly instantaneous increase in air pressure which
causes injury [9]. Following the blast wave is a longer blast wind, or period of subatmospheric pressure which can suck in debris, seen in Figure 1.1 [10]. The blast wind
produces injuries by flying debris or even by throwing the victim. Blasts cause a variety
of extremity injuries including traumatic amputation, fractures, crush injuries,
compartment syndrome, burns, cuts, lacerations, acute arterial occlusion, and air
embolism-induced injury [9]. Several factors are involved in determining the exact type
and severity of the wound, including the amount and composition of the explosive
material, the surrounding environment such as intervening protective barriers, the
distance and angle between the blast and the victim, and the delivery method of the
bomb.

2

Figure 1.1

1.2

Graph of pressure versus time showing the increased pressure associated
with the blast wave and the longer period of sub-atmospheric pressure
associated with the blast wind [9].

Injury evaluation methods
Anthropometric test devices (ATD) and post mortem human subjects (PMHS)

have been used in impact biomechanics to evaluate injury and physical damage from high
rate impacts. ATDs can be multi-use devices which can measure mechanical responses
and physical parameters such as force, or single-use structures designed to fracture in a
manner similar to how a human body fractures. A strain rate dependent response has not
been achieved with ATDs [11]. ATDs are designed to predict certain injuries under a
limited range of impact conditions which excludes interactions between injuries [12, 13].
ATD’s are costly, and the materials of the dummies, being mostly polymers, rubbers, and
metals, do not behave like human tissues. Forces, moments, and displacements are
measured rather than local stress and strain, the latter which directly determine injuries
[13]. PMHS can only be used once, and changes in the tissues due to post mortem time as
well as use of preservatives can give inaccurate results. Additionally the majority of
3

PMHS represent elderly white males yielding demographically swayed results. Although,
ATD’s, PMHS’s, and native biological tissue all experience micro defects within the
structure when exposed to high impact situations, the defects in the native tissue structure
are linked to many different factors, such as cellular density, hierarchical fibrous
composition, matrix chemical composition, etc. Characteristic microstructural models
have been developed in the past to capture the uncrimping and stretching of fibers, but
very few take into account the number of fibers within the tissue, the fiber diameter
distributions and the area fraction of fibers [14]. Overall, the current models provide
limited microstructure representation as well as a lack of ability to accurately predict
microstructural responses to load and stress state dependency.
High fidelity physics based computational models are a promising means for
evaluating injury mechanisms occurring in soft tissues and incorporating a non biased
and non selective perspective. These models allow for a wide variety of impact
conditions to be simulated producing a range of injuries including bone failure, ligament
failure, and cartilage tear. Accurate simulations depend on the quality of the model
geometry as well as high quality stress-strain relationships for each component in
multiple stress states [13]. In a comprehensive model, structure-property relationships are
also necessary to relate mechanical properties with microstructural damage. This can
provide threshold values that may indicate failure or the onset thereof.
1.3

Objective
Most of the previous mechanical testing of muscle has been tensile testing in the

longitudinal direction. This is not surprising as this is the stress state experienced for the
majority of physiological loading. In high rate impacts, muscle is exposed to a multiaxial
4

stress state. Under such conditions, tensile, compressive, and shear forces all act on the
muscle, possibly leading to underlying microstructural damage. Although some
mechanical data is available, obtaining such data in multiple stress states, multiple strain
rates, and multiple directions using the same testing protocol along with microstructural
analysis will provide the most robust data. Such data can be used in a model to analyze
blast injuries and other high rate impacts.
Towards this goal, the objective of this study is to obtain stress-strain curves for
muscle in compression and tension along with structure-property relationships at quasistatic strain rates.
1.3.1

Specific aims
1. Stress-strain curves will be obtained for fresh porcine muscle at three strain
rates (0.1 s-1, 0.01 s-1, 0.001 s-1) in compression and tension. With respect to
fiber orientation, longitudinal and transverse directions are to be tested in
compression, and the longitudinal direction only in tension. The expectation is
that both strain rate and directional dependence will be observed.
2. Microstructural damage analysis will be conducted with interruption testing in
compression to 30% and 50% strain at three strain rates (0.1 s-1, 0.01 s-1, 0.001
s-1) in longitudinal and transverse directions. Samples will be cryofixed and
microstructural image analysis conducted after H&E staining. Scanning
electron microscopy (SEM) will be also used to examine the structure
property relationship of samples after compression testing.
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3. Stress-relaxation behavior will be observed by calculating the equilibrium
compressive moduli in the transverse and longitudinal directions with respect
to fiber orientation.
4. The effects of age post mortem, as well as freezing and thawing effects on
muscle tissue, will be examined by comparing stress-strain data for fresh and
thawed tissue. SEM will be used to examine structural changes related to
freezing and thawing.
1.4

Muscle anatomy and physiology
Muscle comprises the largest organ of the body with approximately 434 muscles

making up 40-50% of the body weight [15]. Skeletal muscles are the effector organs of
the locomotor system. About 75 pairs of muscles are involved in body movements and
posture while the remaining muscles function in activities such as eye control and
swallowing. Although the number of muscle fibers is constant from birth, muscles fibers
can increase in diameter as a result of resistance training thus increasing the volume of
the muscle as a whole. Skeletal muscles range in size from the 1.3 mm Stapedius in the
inner ear to the 60 cm long Sartorius stretching from the outside of the hip to the inside of
the knee. Muscles attach to tendons, which in turn are attached to bones. Muscle has
several characteristics commonly seen in soft tissue including extensibility, the ability to
increase in length or be stretched, and elasticity, the ability to return to normal length
after stretching. Muscle also has some unique characteristics including excitability, the
ability to respond to stimuli by conducting an action potential, and contractibility, the
ability to shorten in length and develop tension. Stimulation of the nerve allows muscle to
function actively by developing tension and thus generating force and movement. Linear
6

tension is developed in muscles creating a force which pulls on the attached bones. The
tension creates torque at the joint leading to rotary movement of the joint. Muscle tissue
also acts passively providing structural support and modifying the impact between bones
and the external surface.
Skeletal muscle is under voluntary control with activity being initiated by a nerve
impulse. Each muscle fiber, also called a muscle cell or myocyte, is innervated by a
single neuron, but a single motor neuron can innervate up to 2000 muscle fibers. A
neuron and the muscle fibers it innervates are called a motor unit. The fibers associated
with a single neuron can be scattered over subregions of the muscle interspersed among
fibers of other motor units thus generating force over a larger tissue area.
There is variation in muscles in regard to fiber orientation. Muscles have various
lengths of fibers, where muscles with longer fibers have a longer functional range than
muscles with short fibers. Several arrangements of muscle fibers exist with respect to the
axis of force generation including parallel orientation. In this arrangement most fibers do
not extend the entire length of the muscle, but tension is transmitted through the length of
the muscle by interconnections with neighboring fibers at many points along the fiber’s
surface. Muscles attach to bones via tendons which are continuous with the ends of the
muscle transmitting force between the muscle and bone. The tendinous origin can be
broad and thin or small so the muscle fibers appear to arise from the bone directly.
Microscopic analysis shows that even when the tendon isn’t visible, the muscle fiber end
has tendon like connective tissue interposed between the muscle and bone [16]. When
muscle is passively stretched the tendon assists in storing elastic energy allowing muscle
to stretch and recoil [15].

7

Like many soft tissues, muscle is hierarchical in nature, and organized in
progressively larger units encased in connective tissue as seen in Figures 1.2 and 1.3. A
muscle is a group of fascicles encased by the dense irregular connective tissue of the
epimysium. Each fascicle is a group of muscle fibers surrounded by the perimysium.
Each muscle fiber is covered by endomysium. Connective tissue is a fibrous network,
composed mostly of collagen types I-V, reticulin, and to a lesser extent elastin, all
embedded in an amorphous matrix. The connective tissue determines the gross structure
of the muscle belly by holding the fibers together and ensuring proper alignment of
muscle fibers, blood vessels, and nerves. Connective tissue also enables active and
passive forces to be transmitted throughout the tissue and into the tendon. The elasticity
of the elastic fibrils along with the wavy collagen allows the muscle belly to regain its
shape after loading. Loose connective tissue is composed of a feltwork of fibers with no
apparent directional pattern which fills spaces within a tissue allowing minimal
movement between components. Friction is reduced by lubricating the surfaces between
fibers and fiber bundles allowing the muscle to change shape more easily. Connective
tissue provides negligible resistance in compression, but collagen oriented parallel to the
physiological direction of pull can provide the major resistance in tension [17, 18].
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Figure 1.2

Muscle structure [19].

Figure 1.3

SEMs showing muscle fascicle (a), fiber (b), and myofibrils (c) (Renée
Pietsch, 2011, unpublished data).
9

The epimysium is a tough connective tissue covering the entire surface of the
muscle belly and separating it from other muscles. It is composed of tightly woven, wavy
bundles of collagen fibers ranging from 600 mm to1,800 nm in diameter. The epimysium
is continuous with the perimysium. The perimysium divides the muscle into fascicles and
runs around the fascicles. The perimysium is composed of coarse crimped collagen
fibers, a loose feltwork of non-crimped fibrils, and nearer the myocytes fine non-crimped
bundles of fibrils measuring tens of micrometers with no directional organization (Figure
1.4) [18]. The coarse perimysium provides a conduit for blood vessels and nerves as well
as resisting excessive passive stretching of the muscle and distributing forces to minimize
damage to the fibers. Each muscle fiber is covered by the endomysium, a dense feltwork
of fibrils which binds adjacent fibers and supports the capillary network (Figure 1.4). The
perimysial meshwork is connected to the endomysial weave by small 60 mm to 120 nm
diameter fibers. Arterioles and venules are found in these regions along with
intramuscular nerve branches. The endomysium is composed of fibrillar collagen type I,
type III, and type V, periodic-filamentous collagen type VI and other macromolecules.
The muscle fibers don’t extend the whole length of the muscle, but the endomysium acts
as an elastic element in series with the overlapping myofibers. Tension is transferred
laterally between the fibers and along the axis of the muscle conveying contractile forces
to the tendon. The endomysium also connects to the basement membrane, a glycoprotein
complex composed of mostly type I collagen. This layer lies on the outside of the muscle
fiber membrane, which is known as the plasmalemma. The basement membrane is
composed of a continuous external lamina covering the myofibers, and collagenous
connective tissue occupying the spaces between the external lamina and adjacent
myofibers [20]. The basement membrane is involved in muscle recovery after an injury,
10

has enzymatic actions, and serves as a scaffold for fiber growth. There are two parts: a
basement lamina and a reticular lamina. Composed of collagen and other fibrils within an
amorphous ground substance, the reticular lamina connects to the collagen fibers of the
tendon at the ends of the muscle. The 7.5 nm thick plasmalemma, along with all the
layers of the basement membrane, are called the sarcolemma.

Figure 1.4

SEMs showing perimysium cut away revealing muscle cells running
longitudinally (a), and endomysial weave (b).

Muscle fibers or muscle cells are polygon shaped with diameters between 10 and
100 µm and a length of a few centimeters (Figure 1.5). The polygon shape allows the
greatest number of fibers to be contained within the fascicle. As all other cells, muscle
cells have a cytoplasm composed of an aqueous solution of inorganic ions, sugars, amino
acids, and proteins. In muscle cells the cytoplasm is referred to as the sarcoplasm. The
sarcoplasm contains organelles with mitochondria being the most numerous. Unlike other
cells numerous nuclei are dispersed along the inner surface of the plasmalemma with a
higher density near the motor end plate. Parallel filaments called myofibrils are found
within the sarcoplasm. Composed of individual filamentous polymers, each myofibril is
about 1 -2 µm in diameter.
11

Figure 1.5

H&E stained micrograph showing polygon shaped muscle fibers with dark
nuclei [21].

A single fiber can contain up to 2000 myofibrils. Each myofibril is separated from
its neighbors by mitochondria and the sarcoplasmic reticulum and transverse tubular
systems. A protein network binds each myofibril to its neighboring fibril and to the cell
membrane. Myofibrils are composed of two types of protein myofilaments, actin and
myosin II. Twisted chains of actin and bundles of myosin II overlap in a repeating
parallel arrangement. Each unit of overlap, called a sarcomere, has a length of about 2.0
µm with light and dark bands creating a striated appearance (Figure 1.6). Muscle
contraction is initiated by an action potential. When the action potential reaches the
neuromuscular junction it is transmitted into the muscle along transverse tubules (Ttubules). T-tubules are continuous with the sarcolemma and pass completely through the
fiber allowing the whole fiber to be excited simultaneously (Figures 1.7 and 1.8). The
12

action potential depolarizes the plasma membrane (sarcolemma) causing calcium to be
released from the sarcoplasmic reticulum, a membrane enclosed network of channels that
surrounds every myofibril. Calcium then diffuses around the filaments increasing the
calcium concentration in the cell 100 fold. Troponin is composed of three sub-units, one
of which has a calcium binding site. The increase in calcium causes calcium to bind to
the calcium binding sites on troponin altering the conformation of troponin. Troponin is
bound to tropomyosin, long rope like molecules lying along actin covering the myosin
binding sites (Figure 1.9). The conformational change of troponin pulls the tropomyosin
off the myosin binding sites making them available for myosin heads to bind to actin.
Energy from adenosine triphosphate (ATP) is required for the binding of myosin heads to
actin. Hydrolyzed ATP on the myosin head causes it to bind to actin. This attachment is
called a cross-bridge. The ADP and Pi are released generating a power stroke as the
myosin head flexes causing the actin to slide and thus shortening the muscle fiber. Each
sarcomere can shorten about 1 µm and each muscle fiber can shorten to half its length
during maximum contraction. Binding of a new ATP molecule causes the myosin head to
lose its affinity for actin and be released from actin returning it to its original orientation.
The cross-bridge cycling continues as long as calcium is present (Figure 1.10). After
contraction ends, the sarcoplasmic reticulum takes up calcium. As calcium is removed
from troponin, the conformation reverts to the original shape causing tropomyosin to
cover the myosin binding sites. Thus the system is reset and the membrane is repolarized.
During each cycle 5% of the time the myosin head is attached to actin. The distance
myosin moves with each cycle, called the unitary displacement, is 5-15 nm.
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Figure 1.6

Sarcomere organization [22].

Figure 1.7

Anatomy of muscle showing the action potential entering the T-tubules
[22].
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Figure 1.8

SEMs showing transverse-tubules over the myofibrils with mitochondria
interspersed (a), and transverse-tubules penetrating between myofibrils (b).

Figure 1.9

Schematic of muscle anatomy showing troponin and troomyosin’s location
on the filaments [22].

Figure 1.10

Diagram of ATP activated binding of myosin and actin [22].
15

1.5

Literature review
Mechanical testing of muscle has been conducted using a variety of methods and

for a variety of goals including crash models [23], pressure sore models [24-26], disease
models [27], and models for other specific conditions, such as back pain [28]. In some
cases, the role of certain molecules in muscle biomechanics were researched, for
example, desmin [29, 30]. Specific injury patterns were also investigated such as the
strain injury mechanism of the Achilles muscle-tendon unit during high speed passive
stretch [31]. Testing has been conducted on intact muscle-tendon complexes in vivo [3135], on muscle–tendon complexes in vitro [29, 31, 36], on in vitro samples [23, 28, 37],
and on individual muscle fibers [30, 38-40]. In some cases the passive properties were
measured and in others the active properties were measured by stimulating the muscle via
the associated nerve. Different animal models were used including rats, mice, rabbits,
cats, porcine, and bovine [24-26, 32, 34, 35, 41-43]. Less invasive testing methods were
conducted on humans [27, 44, 45]. The majority of previous studies on muscle have been
associated with the tensile properties [24, 27, 29-36, 38, 39, 41, 42, 46-48]. Some of these
tests were stress-relaxation [25, 29, 30, 34, 36, 43], while others tested the muscle to
failure [31, 35, 38, 39, 46]. All of the tensile testing was done in the longitudinal
direction, which is the physiological direction of loading, with the exception of one case
of transverse tensile testing [37]. Therefore, one the goals of this study is to provide
mechanical data for muscle at normal physiological conditions at various stress states and
various strain rates under the same test conditions.
1.5.1

Tension
In vivo studies have tested the muscle-tendon complex as a whole by partly

severing it leaving the neurovascular system intact [32-35, 46]. Best et al. tested the
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tensile viscoelastic response of live, innervated rabbit tibialis anterior and extensor
digitorum longus. The results were used to validate a quasi-linear model of viscoelasticity
[33]. Other in vivo studies compared active and passive responses using the rabbit tibialis
anterior [32, 35, 46]. The tibialis anterior was used because of consistent parallel fiber
arrangement and easy accessibility; the distal end can be exposed without damaging the
muscle or neurovascular supply. Taniguchi et al. tested muscle in tension at rates of 7% s1

and 1500% s-1, both actively and passively. To measure the active properties the distal

end of the tendon was cut and the deep peroneal nerve was stimulated. The failure
location, being either the muscle-tendon junction or the muscle belly, was recorded.
There were no cases of rupture at the tendon [35]. David et al. observed the passive
elongation of muscle fibers and active force generated in muscle fibers in an attempt to
relate intramuscular pressure to muscle tension. The tendon was attached to a servomotor
and a pressure transducer was placed on the muscle. Length-tension experiments were
conducted with 40 Hz isometric contractions with 2 min rest intervals between each
cycle. The results showed significant muscle force results from passive muscle length
changes as well as from active muscle contractions [32]. Myers et al. measured the
passive and active properties at the midbelly of the muscle. Constant velocity
deformations were applied by a servohydraulic linear actuator at strain rates between 1
and 25 s-1 [46]. Sun et al. conducted dynamic cyclic loading on rabbit muscle-tendon
units in vivo at strain rates of 0.5,5,10,20 and 100 cm/min [34]. In both of these cases,
testing with multiple strain rates showed strain rate dependence, yet these are the only
two tensile studies to test at multiple strain rates. The muscle showed a stiffer response as
strain rate increased, which is expected with the viscoelastic nature of biological soft
tissues. In vivo testing of muscle-tendon units provides the most native environment to
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obtain physiologically accurate results. The neurovascular system can be kept intact
allowing for stimulation of the nerve and testing of the muscle’s active properties. The
muscle acts in a native environment with the influence of the surrounding connective
tissue and other structures such as bone. On the other hand, it is difficult to isolate the
properties of the muscle itself when it is tested in connection with the tendon. It is also
difficult to obtain accurate geometry measurements for calculating stress and strain. In
vivo, muscle does not have standardized geometry and it is logistically difficult to
measure. To determine elongation, markers can be applied and measurements can then be
taken from camera images, but this does not always prove to be very accurate [49].
A downside to in vitro testing is removal of the muscle from its native
environment. The neurovascular supply is impaired affecting the viability of the muscle
and potentially changing the mechanical properties. Van Ee et al. conducted both in vivo
and in vitro testing on rabbit tibialis anterior. The distal tendon was cut at its insertion
points and placed in a clamp re-establishing the original length, which was determined in
vivo. Mechanical testing was performed with a servo-controlled load frame, and force
was measured with a strain gage load cell. Axial length changes were measured with a
linearly variable differential transformer. The test was conducted at 1 Hz to a force level
of 4.6 N which is approximately 10% of the failure force of a live passive tibialis anterior
muscle. Testing conducted in vivo resulted in a loading rate of 3 cm/s, or 30% muscletendon length per second or 80% fiber length per second. Failure testing was also
conducted in vitro within 30 min of sacrifice at 1 Hz in 5 cm displacements. There was
no significant difference between the in vivo properties and the in vitro properties
immediately after sacrifice [43]. Certainly post mortem time affects muscle properties,
but carefully handled fresh in vitro tissue showed the same properties as in vivo tissue. In
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vitro testing allows more accurate measurement of the samples and more control over the
testing.
Several examples of in vitro testing of muscle tissue are available [24, 29, 31, 36,
37]. Uniaxial tension testing was conducted in vitro using the gracilis muscle of rats. The
goal was to determine if prolonged exposure to intensive loads changes the mechanical
properties of muscle [24]. Lin et al. looked at the strain injury mechanisms of the
Achilles muscle-tendon unit during high speed passive stretch. The ends of the muscletendon complex were mounted onto a lever arm. An impactor was dropped from 50 cm
hitting the lever causing sudden stretching of the specimen at the opposite end of the
lever. Failure occurred in the muscle due to the greater stiffness of the muscle, but never
in the tendon and muscle-tendon junction. Other studies have shown failure at the
muscle-tendon junction with some samples, but at lower strain rates [35]. This is likely
due to the fact that at high strain rates the strength of the muscle-tendon junction
increases faster than that of the muscle [31]. Anderson et al. isolated the soleus muscles
from control mice and desmin knockout mice. The muscles were tested to determine the
role of desmin in passive stiffness. Distal and proximal tendons were connected to a force
transducer and to a displacement transducer, respectively. The displacement transducer
was linked to the moving part of a servo-controlled ergometer. Three ramp and hold
extensions to 25% strain were applied at a rate of 50mm/s rate followed by 250 s of
relaxation. The third test was used for data while the first two tests were preconditioning
[29]. Another in vitro study evaluated the effect of exercise training in young adult rats
and aged rats. Collagen concentrations and passive stiffness measured by stress-strain
were obtained for the soleus muscle. The origin and insertion tendons were attached to a
duel-channel length-force servo-control system. Platinum electrodes were used to
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stimulate the muscle for measuring the isometric contractile properties [36]. Morrow et
al. used the extensor digitorum longus of rabbits due to its regular cross-section and low
pennation angle. The aponeurosis was dissected away and the specimens mounted on a
MTS 312 material test device using sinusoidally-grooved clamps. A low strain rate of
0.05% s-1 was used to minimize viscoelastic effects. Failure occurred as separation of
muscle fibers within the muscle tissue as opposed to midsubstance failure. Testing was
conducted in the longitudinal and transverse directions with regards to fiber direction,
allowing comparison of the properties between two directions [37]. This is the only
instance of transverse tensile testing cited and the only tensile test to use isolated samples
of muscle.
Force-length properties in tension have been studied in vivo on rats, rabbits, and
cats [41, 47, 48]. Gareis et al. electrically stimulated the sciatic nerve in nine different
skeletal muscles in cat hind limbs to measure force-length relationships. The results
showed a wide variation between the active, passive, and total force patterns among the
muscles [47]. In another study, force-length properties of rat tibilais muscle with attached
tendon was determined for the passive muscle, active muscle and tendon. Active forcelength relationship was determined by electrical stimulation of the nerve. Passive forcelength relationships were determined by stretching the tendon 10 mm and recording the
force. The length of the muscle was measured by elongation at the muscle belly recorded
on camera by the location of markers. A limitation of this method is that only surface
strain was measured with the markers. When the muscle-tendon unit was stretched the
muscle experienced the majority of the elongation [41].
Single muscle fibers have also been tested in tension. In Christensen et al.’s study,
bovine semitendinosus was used to investigate post-mortem storage on muscle fiber
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strength in the context of meat tenderness. Fibers were extended at a rate of 3.8 μm/s
until fracture occurred. The stress and strain at fracture were calculated [39]. To
determine the role of desmin and titin Anderson et al. conducted mechanical
measurements on single skinned fibers. Single fibers were mounted between the hook of
a force transducer and the arm of a feedback controlled stepping motor. Each fiber was
subjected to three extension tests to measure passive stiffness. First a stretch test at 0.5%
s-1 to 50% strain. Secondly, a stress relaxation test at 100% s-1 to 50% strain with a 40 s
rest. Thirdly, segmental extension where the fiber was stretched stepwise in intervals of
10% at 1000% s-1 and held for 40 s after each of five ramps [30]. Lieber et al. tested the
passive mechanical properties of small muscle fiber bundles of approximately 1500 fibers
about 10-15 mm in length and 2 mm in diameter. The samples were obtained from
surgical patients. Tangent moduli were calculated and compared to those obtained from
testing conducted on single fibers. The goal was to quantify the biomechanical properties
of the extracellular matrix. The fiber bundles were kept in the native connective tissue
matrix and elongated in 150 µm steps with 2 min of relaxation between the steps. One
end of the bundle was attached to an ultrasensitive force transducer and the other to a
micromanipulator [38]. Testing of single muscle fibers provides the properties of the
muscle alone without interference from any other structures. However, it can be seen that
the properties of muscle are influenced by interactions with the extracellular matrix.
Evaluating the mechanical properties of muscle fibers has limited application as muscle
always acts in conjunction with the extracellular matrix, connective tissue, etc.
The tensile tests have all been conducted on the muscle-tendon unit with the
exception of a few tests on single fibers and one test on isolated in vitro samples. For
modeling purposes it is necessary to know the properties of muscle apart from the tendon
21

and other related structures. There is a need for testing samples of isolated muscle at
multiple strain rates. This current study seeks to provide such data, which can reveal the
mechanical properties of muscle without the influence of the tendon.
1.5.2

Compression
Minimal compression testing has been conducted on muscle [23, 28, 49].

Transverse passive compression data was obtained by Bosboom et al. on rat tibialis
anterior in vitro to examine temperature dependence. Several challenges were
encountered. Data could not be collected at temperatures above 29 C as the tissue began
to change in structure. A different test set up would be necessary to test at physiological
temperature of 37 C or higher [49]. Aimedieu et al. conducted oscillatory stressrelaxation compression tests on samples of porcine gluteus maximus muscle. 38.5 mm
cylindrical samples with a height of 20 mm were tested in vitro. An Instron 8500
hydraulic machine was used. The samples were stored at 4˚ C for 19-25 hours and it is
acknowledged that rigor effects could be influencing the results. Samples were allowed to
rest for 30 min under a 5.3 kg load to stimulate the pressure of the ischii. Samples were
placed in a saline bath and cyclic compression was applied at 5-30 Hz in 5 Hz increments
to 0.01 mm. The goal of this study was to develop a testing method to evaluate muscle
for stiffness and damping ratio to be used in determining the response of the buttocks to
compression [28]. Van Loocke et al. have conducted a series of experiments on muscle in
compression, yielding one of the most complete studies of muscle properties. Samples
were cut as 5 or 10 mm cubes and compressed without pre-conditioning in order to
prevent permanent tissue deformation. A maximum of 30% strain was used to minimize
the possible effects of fluid expulsion in isolated tissue samples. Porcine, bovine, and
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ovine muscle was compressed at a rate of 0.5% s-1 in three directions: transverse,
longitudinal, and 45˚. The transverse direction was significantly stiffer than the
longitudinal and 45˚ directions in both fresh and aged tissue. In fresh tissue, the
longitudinal direction was stiffer than the 45˚ direction, but in aged tissue the opposite
was seen with the 45˚ direction being stiffer than the longitudinal direction. This may be
due to more fluid being present in fresh samples allowing the fibers to shear more easily
[23]. In this study significant changes occurred related to post-mortem time. Van Loocke
et al. also conducted unconfined cyclic compression tests with various frequencies
between 0.22 and 80Hz to amplitudes of 2% and 10%. Samples were tested in the
longitudinal and transverse directions. The results were similar but the transverse samples
were about two times as stiff [50]. Van Loocke et al. investigated viscoelastic properties
using stress-relaxation tests. Muscle was compressed to 30% strain at strain rates of 0.5%
s-1, 1% s-1, 5% s-1, and 10% s-1. After the initial ramp, the sample was held for 300 s to
allow for relaxation. A stiffening effect with increased compression rate was observed,
especially in the longitudinal direction, indicating strain rate dependence. The elastic and
viscoelastic components of the stress were determined using the relaxation stress as the
elastic component. Above very low compression rates, the viscoelastic component played
a significant role. At a strain rate of 0.5% s-1 approximately 50% of the total stress was
the viscoelastic component [51].
Compression testing usually involves in vitro samples cut to a certain geometry.
A disadvantage to testing in vitro with samples of standardized geometry is that
preparation disrupts and damages the muscle fibers. The boundary conditions are also
changed from in vivo conditions where the surrounding fibers and pressure from
physiological fluid contributes to the stress [28]. Even though the whole muscle and
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surrounding tissues contribute to the muscle’s mechanical properties, testing isolated
specimens allows the properties of the muscle alone to be considered. Yet testing
individual fibers isolates the muscle from the physiological influence of the extracellular
matrix and connective tissue. A reasonable balance between accurately determining the
properties of the muscle itself and considering the surrounding tissues can be achieved by
using in vitro samples as seen in this current study. Using samples of sufficient size
allows the native contribution of extracellular matrix to be considered while the effect of
fluid expulsion is minimized. Steps can be taken when performing in vitro testing to
mimic the native environment as much as possible such as keeping samples moist with
saline thus mimicking the moisture of the native environment [24, 28, 34, 37].
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Table 1.1

Summary of tension and compression testing performed on muscle.
active (a)/
in vivo (v)/ transverse (t)/ passive
in vitro (t) longitudinal (l)
(p)

author

species

sample size

test type

method

[23]

porcine
bovine
ovine

sample

compression
shear

compression

t

l,t,45 degrees

p

[43]

rabbit

whole muscle

tension

elongation

v,t

l

p

[24]

rat

whole muscle

tension

elongation

t

l

p

[29]

mice

MT complex

tension

elongation

t

l

p

[30]

mice

single fiber

tension

elongation

t

l

p

[31]

rabbit

MT complex

tension

elongation

t

l

p

[32]

rabbit

MT complex

tension

elongation

v

l

a,p

[46]

rabbit

MT complex

tension

elongation

v

l

a,p

[33]

rabbit

MT complex

tension

elongation

v

l

a

[34]

rabbit

MT complex

tension

elongation

v

l

a

[35]

rabbit

MT complex

tension

elongation

v

l

a,p

MT complex

tension

elongation

t

l

p

[35]
[36]

rat

MT complex

tension

elongation

t

l

a,p

[37]

rabbit

whole muscle

tension

elongation

t

l,t

p

[37]

rabbit

sample

shear

[28]

porcine

sample

compression

stress-relaxation

t

t

p

[38]

human

fiber bundle

tension

elongation

t

l

p

[39]

bovine

single fiber

tension

elongation

t

l

p

[41]

rat

MT complex

tension

force-length

v

l

a,p

[48]

rabbit

MT complex

tension

force-length

v

l

a,p

[47]

cat

MT complex

tension

force-length

v

l

a,p

[49]

rat

sample

compression

compression

t

t

p

[51]

porcine

sample

compression
shear

compression

t

l,t, 45 degrees

p

[50]

porcine

sample

compression
shear

compression

t

l,t,45 degrees

p

t
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p

1.5.3

Other testing methods
Data for shear testing is the most lacking of all types of mechanical testing with

muscle. Morrow et al. conducted shear tests with rabbit digitorum longus on a MTS 312
material test device. The samples were glued to the platen [37]. Van Loocke et al.
performed compression testing at a 45 angle with respect to the muscle fibers which can
be considered a type of shear testing [23].
Indentation methods have been used to determine the shear moduli for deep
pressure sore computational models [25, 26]. Palevski et al. used fresh porcine gluteus
medius to obtain data from large animals as opposed to rats and mice. Testing was
conducted in vitro using a custom pneumatic device capable of rapid 4 mm indentation
[25]. Another indentation type method is the atomic force microscope (AFM), which was
used by Mathur et al. to determine the differences in mechanical properties of cardiac
muscle, skeletal muscle, and endothelial cells. The apparent elastic modulus was obtained
for single cells of each type of tissue using an indentation depth less than 10% of the cell
thickness [40].
Magnetic resonance elastography (MRE) is another method used in evaluating
mechanical properties by observing shear waves propagating through the muscle to
determine stiffness [27, 42, 44, 45]. A phase contrast MRI is used to measure small cyclic
displacements caused by externally applied low-frequency shear waves propagating in
the tissue. From displacement measurements, the speed and attenuation of shear waves
can be determined. The shear modulus can be calculated from the shear wave speed. A
stiff material has a high shear modulus and resists local deformations resulting in a long
wavelength and a high speed of the shear wave. This method has been used with bovine
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muscle in vitro [42, 45] and human muscle in vivo [27, 42] to examine several specific
situations.
There is a paucity of high rate data with only two examples being found. Song et
al. and Van Sligtenhorst et al. used the split Hopkinson pressure bar to obtain
compression data at multiple strain rates between 540 s-1 and 3700 s-1. A significant
stiffening effect was observed with increasing strain rate, although Van Sligtenhorst et al.
observed stress approximately three times higher than Song et al. at 50% strain and a
strain rate of 1000 s-1 [52, 53]. The split Hopkinson pressure bar is traditionally used for
testing metals at high rates. Modifications to the test set up must be made to attain valid
data with soft materials such as muscle.
Obtaining accurate results with soft materials can be challenging as demonstrated
by the lack of consistency in results for previous mechanical tests. Taken as a whole the
mechanical testing of muscle that has been completed reveals important information
about how muscle functions, its relationship with the tendon, its responses under normal
conditions, and its response under various abnormal conditions. A majority of the
previous tests have been conducted towards specific goals. Such specific testing protocols
lead to results which cannot be compared with results from other studies. Stress-strain
data for muscle under normal conditions is most relevant for modeling. To this end there
is a need for testing muscle under uniform testing protocol in various stress states,
various strain rates, and multiple directions. Such data can be accurately compared to
obtain a complete understanding of the mechanical behavior of muscle.
A comprehensive damage model relates mechanical properties and structure
property relationships. Very little microstructural imaging has been conducted in
conjunction with mechanical testing. H & E staining was done by Linder-Ganz et al. and
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Lieber et al. to obtain general morphology [24, 38]. Lieber et al. performed
immunohistochemistry to observe myosin [38]. Linder-Ganz et al. also did other
histology including toluidine blue and phosphotungstic acid hematoxylin (PTAH) to
examine the viability of cells and integrity of cross-striations immediately after applying
pressure to the muscle [24]. None of the previous studies have quantitatively connected
changes in microstructure with mechanical properties. This current study seeks to work
towards filling this deficiency as well.
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CHAPTER II
METHODS AND MATERIALS
2.1

Sample preparation
Porcine hind legs were obtained from a local abattoir (Sansing Meat Services,

Maben, MS) within an hour of slaughter from healthy pigs aged 8 to 10 months. The hind
legs were brought to the Biomedical laboratory within the Agricultrual and Biological
Engineering department and the semimembranosus muscle was dissected (Figure 2.1 and
2.2). The semimembranosus was chosen because of its consistent parallel fiber direction.
The large size of this muscle also provided for an adequate number of samples to be
taken from the same animal. Using the same muscle from each animal eliminated
variation in results due to muscle location. Samples were taken from approximately 18
pigs. The tissue was kept moist with 0.01 M phosphate buffered saline (pH 7.4) (SigmaAldrich, St. Louis, MO) to minimize dehydration and subsequent changes. The whole
muscle was cut with a large knife into10 mm thick rectangular sections. Cylindrical
samples were extracted from the rectangular section with a scalpel using a 20 mm
diameter coring tool as a guide. Samples were taken from the interior of the rectangular
section and areas of obviously visible connective tissue and fat were avoided. Samples
with an approximate height of 10 mm and an approximate diameter of 20 mm were
produced (Figure 2.3). Digital calipers were used to obtain height and diameter
measurements of each sample to the tenth of a millimeter. Samples were cut either with
the fibers parallel (longitudinal) or with the fibers perpendicular (transverse) to the
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cylindrical shape (Figure 2.4). For interruption testing, samples were cut in the same
manner to a size of approximately 10 mm in diameter and 5 mm in height. A smaller size
was used to allow the fixative to fully penetrate the sample more quickly. To avoid rigor
effects testing was completed within five hours post mortem. Some samples were tested
after being frozen and subsequently thawed to examine the effects of freezing. For this
part of the study the whole muscle was stored at -20˚ C for 3 to 10 days. The muscle was
moved to a refrigerator at 5˚ C to thaw overnight. Cutting of the thawed muscle and
preparation of the sample was conducted in the same manner as with the fresh tissue.

Figure 2.1

Anatomy of the porcine leg showing femoris (1), semitendinosus (2), and
semimembranosus (3) [54].
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Figure 2.2

Photograph showing porcine hind leg muscles with the muscle used for
testing, the semimembranosus, highlighted in blue.

Figure 2.3

Sample for compression testing with approximate 20mm diameter.

Figure 2.4

Schematic of the samples showing fiber direction in the longitudinal (a)
and transverse (b) samples.
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2.2

Quasi-static compression testing
Quasi-static unconfined compression testing was conducted with a uniaxial

Biomomentum MACH-1TM testing machine (Biomomentum Inc., Canada) using a 10 kg
load cell. The 10 kg load cell was calibrated before testing commenced. Samples,
moistened with PBS, were placed in the center of a stainless steel dish (Figure 2.5). The
height of each sample was measured using the “find contact” program on the MACH1TM. In this method, an impermeable compression platen of approximately 30 mm
diameter was moved at a rate of 2 mm/s to the base of the testing dish stopping at a
contact force of 1 g. The base position was noted as zero and the platen was then raised
above the level of the sample. The sample was placed in the dish and the platen was
moved to the surface of the sample reaching a load of 3 g. A load of 3 g provided the
most accurate measurement of height by applying sufficient pressure to allow for a flat
contact surface, yet not excessive pressure as to deform the sample. The height was
calculated as the difference in position between the contact with the container surface and
the contact with the sample. Zero strain and zero load were defined at this point of 3 g of
preload. Pre-conditioning was then conducted with 10 cycles of load and unload to an
amplitude of 5% strain at a rate of 0.01 s-1, 0.002 s-1, or 0.001 s-1 corresponding to the
strain rates for the compression tests of 0.1 s-1, 0.01 s-1, and 0.001 s-1 respectively.
Following preconditioning the samples were left to rest for 60 seconds at zero load and
zero strain. Upon initiating testing, samples were compressed to 50% strain at strain rates
of 0.1 s-1, 0.01 s-1, and 0.001 s-1. The samples were then unloaded returning to zero
position at the same rate as that the loading occurred. Loading velocity (mm/s) and
displacement amplitude (mm) were calculated based on the sample’s height to achieve
the desired strain rate and percent strain. Testing was conducted in the longitudinal
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direction with reference to the muscle fiber orientation on some samples and the
transverse direction on other samples. Each sample was used once. Force and
displacement were recorded at a sampling rate of 0.1s. Engineering stress and
engineering strain were calculated from the force and displacement data obtained from
each test. Stress was calculated as
(2.1)
where F is the force recorded by the load cell and A is the cross-sectional area of the
sample. The area of each sample was calculated as a circle based on the measured
diameter of the samples before testing.

Figure 2.5
2.3

Compression set up on the MACH-1TM.

Quasi-static tension testing
Samples were cut in a dog-bone shape with a 7 mm width at the top and a 3.5 mm

width and a 3.5 mm thickness in the middle. The samples were cut to a 20mm length with
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a 14 mm gauge length between the clamps (Figure 2.7). The ends of the sample were
secured with in-house custom made grips (Figure 2.8). A preload of 3 g was achieved and
then defined as zero load and zero position. Pre-conditioning was conducted with 10
cycles of load and unload to a amplitude of 5% strain at a rate of 0.01 s-1, 0.002 s-1, and
0.001 s-1 corresponding to the strain rates used for the tension testing of 0.1 s-1, 0.01 s-1,
and 0.001 s-1 respectively. The samples were allowed to rest for 60 seconds and then
pulled at a strain rate of 0.1 s-1, 0.01 s s-1, or 0.001 s-1 until failure was reached. Testing
was conducted in the longitudinal direction with reference to the muscle fiber direction.
Engineering stress and engineering strain were calculated from the force and
displacement data obtained from each test. Stress was calculated as
(2.2)
where F is the force recorded by the load cell and A is the cross-sectional area of the
sample. The area of each sample was calculated as a rectangle based on the measured
width and thickness of each sample before testing.

Figure 2.6

Dog-bone samples with 14mm gauge length for tension test.
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Figure 2.7
2.4

Set up for tensile testing on the MACH-1TM.

Equilibrium compressive modulus
To determine the equilibrium compressive moduli, quasi-static unconfined

compression testing was conducted with a uniaxial Biomomentum MACH-1TM testing
machine (Biomomentum Inc., Canada) using a 10 kg load cell. The height of the samples
was found with the method previously mentioned in section 2.2. The “stress-relaxation”
program on the MACH-1TM was programmed to compress the sample at a rate of 0.05 s-1
to 5% strain. Five ramps were conducted reaching a final strain of 25%. The sample was
allowed to relax until the relaxation rate reached 1 g/min before the next ramp. The stress
at equilibrium between each ramp was plotted forming a linear graph. The slope of the
linear graph was recorded as the equilibrium compressive modulus. A one-way ANOVA
test was used to compare the moduli values between the longitudinal and transverse
directions with a p value of 0.05.
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2.5

Interruption testing and fixation
Samples were prepared and tested as for the quasi-static compression testing in

section 2.1. The sample was placed in a stainless steel dish, which was set in a larger
stainless steel dish (Figure 2.6). Longitudinal and transverse samples were compressed to
30% strain or 50% strain calculated based on the height of each sample. Isopentane was
placed in a metal tube which was placed in liquid nitrogen to cool. The isopentane was
removed just before it cooled to its freezing point of -160˚ C. Liquid nitrogen was poured
into the outer dish. The cooled isopentane was poured around the sample in the inner
dish. The sample was allowed to freeze till the liquid nitrogen evaporated. The sample
was then removed and quickly placed into a -80˚ C freezer for storage. Transverse
samples were cryofractured with a razor blade to produce a cross sectional view for
sectioning. Samples were transported for sectioning on dry ice to ensure no thawing
occurred. The cryofixed samples were embedded in OCT using a peltier extractor. A
Leica CM 1850 cryostat (Leica Microsystems, Illinois, USA), was used to section cross
sections of the samples in 10 µm sections at -20˚ C. The samples were stained with
hemosin and eosin (H & E) and viewed under a Leica DM 2500 microscope (Leica
Microsystems, Illinois, USA). Micrographs were taken for each image and image
analysis was performed. GNU Image Manipulation Program (GIMP), an image editing
software, was used to manually remove connective tissue and artifacts followed by
thresholding the fibers. The “cell count” feature of ImageJ (National Institute of Health,
MD) was used to calculate the number of fibers in each image. The parameters of area
fraction, mean area of the fibers, and number density of the fibers were calculated from
the area which was thresholded and the cell count data. One-way ANOVA tests with p

36

value of 0.05 were used to calculate significance between pairings of the parameters at
the various test conditions.

Figure 2.8
2.6

Set up for cryofixation.

Scanning electron microscopy
Samples were prepared and tested as for the quasi-static compression tests in

section 2.1. Longitudinal and transverse samples were compressed to 30% strain or 50%
strain calculated based on the height of each sample. 10% neutral buffered formalin (10%
NBF) was poured over the sample. The sample remained in the 10% NBF with the
compression platen maintaining the strain level for 4 to 12 hours allowing the fixative to
penetrate the sample. The samples were stored in 10% NBF until they were cut to ensure
complete fixation occurred. The samples were post fixed with 2% osmium tetroxide in
0.1 M phosphate buffer. A graded series of ethanol was used for dehydration. All samples
were dried with hexamethyldisilazane (HMDS) and mounted on aluminum stubs with
carbon paste and sputter coated with platinum. The cross sections of six samples were
analyzed: two controls, one longitudinal sample compressed to 30%, one longitudinal
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sample compressed to 50%, one transverse sample compressed to 30%, and one
transverse sample compressed to 50%. All of the samples were compressed at a rate of
0.1 s-1. The samples were viewed with a field emission scanning electron microscope
(JEOL JSM-6500F).
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CHAPTER III
RESULTS
3.1

Quasi static compression and tension testing
Stress-strain relationships were plotted for the compression tests of fresh muscle.

Data were obtained at three strain rates in both longitudinal and transverse directions. The
samples were averaged for each strain rate using a stress-strain Graphical User Interface
(GUI) (MSU, Center for Advanced Vehicular Systems). In the longitudinal direction n=7
was used for 0.1 s-1, 0.01 s-1, and 0.001 s-1. In the transverse direction n=5, n=6, and n=7
were obtained for the strain rates of 0.1 s-1, 0.01 s-1, and 0.001 s-1, respectively. The
stress-strain response for muscle under compression was non-linear, typical of biological
tissues (Figures 3.1 and 3.2). There was an initial toe region followed by a drastic
increase in stress with relatively small change in strain. The toe region ended at
approximately 30% strain in the longitudinal direction and at approximately 20% strain in
the transverse direction. Strain rate dependency, another typical feature of biological
tissues, was observed with higher strain rates showing higher stress. The curves for the
three strain rates diverged after the initial toe region. The standard deviation showed a
significant difference between strain rates in both directions for compressive loading
(Figures 3.1 and 3.2). In the longitudinal direction the stresses at 50% strain were 208
kPa, 123 kPa, and 77 kPa for the strain rates of 0.1 s-1, 0.01 s-1, and 0.001 s-1 respectively.
In the transverse direction the stresses at 50% strain were 437 kPa, 222 kPa, and 150 kPa
for the strain rates of 0.1 s-1, 0.01 s-1, and 0.001 s-1 respectively.
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Figure 3.1

Stress-strain curves for fresh muscle in compression in the longitudinal
direction at three strain rates.

Figure 3.2

Stress-strain curves for fresh muscle in compression in the transverse
direction at three strain rates.
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Likewise the tension stress-strain response was plotted for n=8, n=11, and n=9
corresponding to the strain rates of 0.1 s-1, 0.01 s-1, and 0.001 s-1 respectively (Figure
3.3). There was an initial toe region ranging up to approximately 40% strain where the
stress did not increase significantly with increasing strain. Between 40% strain and 100%
strain the stress increased more drastically. Yielding occurred around 100% strain with
yield stress recorded as 416 kPa, 236 kPa, and 144 kPa for the strain rates of 0.1 s-1, 0.01
s-1, and 0.001 s-1 respectively. As with the compression tests, samples tested at higher
strain rates showed higher levels of stress with a noticeable divergence occurring at
strains higher than 40%. This difference in stress levels between strain rates became more
drastic with increasing strain however standard deviation bars show some overlap. The
curve became less linear at higher strain rates.

Figure 3.3

Stress-strain curves for fresh porcine muscle in tension in the longitudinal
direction at three strain rates.

Stress-strain curves for unloading in compression were also obtained.
Representative curves for loading and unloading of fresh porcine muscle in the
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longitudinal and transverse directions are seen in Figures 3.4 and 3.5. For each of the
three strain rates of 0.1 s-1, 0.01 s-1, and 0.001 s-1 muscle was compressed to 50% strain.
All of the loading-unloading curves showed a similar pattern with substantial hysteresis.
In unloading the samples reach zero stress by approximately 40% strain and continued at
zero stress until zero strain was reached.

Figure 3.4

Stress-strain curve for fresh porcine muscle in compression showing
loading and unloading in the longitudinal direction.
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Figure 3.5

Stress-strain curve for fresh porcine muscle in compression showing
loading and unloading in the transverse direction.

Figure 3.6 compares the stress-strain curves in the longitudinal and transverse
directions for each of the three strain rates for compression tests. There was a significant
difference between the responses in the two directions with the transverse direction
showing higher stress after a strain of approximately 20%.

43

Figure 3.6

Stress-strain curves for fresh muscle in compression comparing the
longitudinal and transverse directions at strain rates of 0.1 s-1(a), 0.01 s-1
(b), and 0.001 s-1 (c).

Figure 3.7 shows the stress-strain curves in compression and tension in the
longitudinal direction for each of the three strain rates. The tensile response showed a
higher stress level up to a strain of approximately 40%. The compression response then
produced a higher stress level. A similar trend is seen for each strain rate with the
compression curve crossing the tension curve at a lower strain level as strain rate
increased. Strain levels higher than 50% could not be achieved in compression due to
testing restrictions with overloading the load cell.
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Figure 3.7

3.2

Stress-strain curves for fresh muscle in compression and tension in the
longitudinal direction at strain rates of 0.1 s-1(a), 0.01 s-1(b), and 0.001 s1
(c).

Equilibrium compressive modulus
Stress-relaxation tests generated stress-time graphs represented by Figure 3.8. A

peak is seen for each ramp of stress followed by a gradual decrease in stress till
equilibrium is reached. Figure 3.9 shows the stress at each equilibrium point graphed
with a trendline added. The slope of this line is the equilibrium compressive moduli. The
moduli are reported in Table 3.1 along with standard deviation. In the longitudinal
direction the modulus was 4.6 kPa with n=9, and in the transverse direction 5.7 kPa with
n=8. A one way ANOVA test yielded a p value of 0.002 indicating a significant
difference between the moduli values for longitudinal and transverse directions.
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Figure 3.8

Stress-time curve for stress-relaxation test of fresh porcine muscle.

Figure 3.9

Stress-strain plot of the equilibrium points of the stress-relaxation tests
used for calculating equilibrium compressive modulus.
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Table 3.1

Equilibrium compressive moduli in the longitudinal and transverse
directions.
equilibrium compressive moduli
moduli (kPa)
st dev
longitudinal (n=9)
4.6
605
transverse (n=8)
5.7
575
p value
0.002

3.3

Interruption testing and image analysis
Scanning electron micrographs show compression and change in the shape of the

muscle fibers. Figure 3.10 is a control of muscle showing the normal structure of muscle
fibers and connective tissue. In the longitudinal direction the fibers can be seen to buckle
and fold over the top of the sample (Figure 3.11). Disruption of the connective tissue is
visible with loss of the collagen structure as it became compressed and flattened against
the fibers. In the transverse direction the collagen retained more of it native structure. In
the transverse direction the fascicles and muscle fibers are seen to change shape
becoming flatter with the direction of compression (Figure 3.11).

Figure 3.10

SEM of control muscle.
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Figure 3.11

SEMs of muscle compressed in the longitudinal direction to 50% strain (a),
and in the transverse direction to 50% strain with arrows showing the
loading direction (b).

Representative micrographs of H & E stained cross sections of control muscle
(Figure 3.12) and muscle tested to 30% strain at a strain rate of 0.1 s-1 (Figure 3.13) are
shown. In the control, space was seen between the muscle fibers evenly distributed
throughout the image. In the transverse direction (Figure 3.13) the muscle fibers have
been compressed together reducing the space between cells. In the longitudinal direction
(Figure 3.13) some of the fibers are no longer in a cross section view, but rather a
transverse view of the fibers was observed.
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Figure 3.12

Micrograph of H & E stained control muscle with scale bar in micrometers.

Figure 3.13

Micrograph of muscle compressed to 30% strain at 0.1 s-1 in the
longitudinal (a) and transverse (b) directions with scale bar in micrometers
and arrows showing the loading direction.

Image analysis was performed on samples at three strain rates, two levels of
strain, and two directions for a total of twelve test conditions plus a control with n=3.
Parameters of area fraction of the fibers, number density of fibers, and mean area of the
fibers were measured. The area fraction values in the longitudinal direction at 0.1 s-1 were
0.925 ± 0.028 and 0.964 ± 0.014, at 0.01 s-1 were 0.915 ± 0.05 and 0.948 ± 0.008, and at
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0.001 s-1 were 0.940 ± 0.019 and 0.953 ± 0.011, each for 30% and 50% strain
respectively (Table 3.2). In the transverse direction the area fraction values at 0.1 s-1 were
0.932 ± 0.056 and 0.945 ± 0.058, at 0.01 s-1 were 0.854 ± 0.008 and 0.966 ± 0.016, and at
0.001 s-1 were 0.930 ± 0.039 and 0.936 ± 0.077, each for 30% and 50% strain
respectively, and 0.825 ± 0.033 for the control (Table 3.2). Area fractions are shown in
Figure 3.14 comparing the control, 30%, and 50% strain for each strain rate in each
direction. A trend was observed where area fraction increases as the strain level
increases. One-way ANOVA tests paired control vs. 30% strain and 30% strain vs. 50%
strain for each strain rate in each direction. Table 3.3 reports the p values for each
pairing. There was a significant difference between the control and 30% strain and no
significant difference between 30% and 50% strain for each strain rate in both directions,
with the exception of 0.01 s-1 transverse. Figure 3.15 compares area fraction at the three
strain rates at each level of strain and at each strain rate. One-way ANOVA tests showed
there is no significant difference between strain rates.
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Figure 3.14

Bar graphs of area fraction comparing 0%, 30%, and 50% strain at three
strain rates in the longitudinal (a, c, e) and transverse (b, d, f) directions.
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Figure 3.15

Table 3.2

Bar graphs of area fraction comparing three strain rates at 30% and 50%
strain in the longitudinal (a, c) and transverse (b, d) directions.
Area fraction with standard deviation in the longitudinal and transverse
directions at various strain rates and strains.
transverse
longitudinal
strain rate strain area fraction strain rate strain area fraction
control
0.825 ± 0.033
control
0.825 ± 0.033
30% 0.932 ± 0.056
30% 0.925 ± 0.028
0.1 s^-1
0.1 s^-1
50% 0.945 ± 0.058
50% 0.964 ± 0.014
30% 0.854 ± 0.008
30% 0.915 ± 0.05
0.01 s^-1
0.01 s^-1
50% 0.966 ± 0.016
50% 0.948 ± 0.008
30% 0.930 ± 0.039
30% 0.940 ± 0.019
0.001 s^-1
0.001 s^-1
50% 0.936 ± 0.077
50% 0.953 ± 0.011
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Table 3.3

p values for one-way ANOVA tests comparing various strains at three strain
rates in the longitudinal direction.
area fraction longitudinal
strain rate strain pairing p value significant
control vs 30% 0.018
yes
0.1 s^-1
30% vs 50% 0.091
no
control vs 30% 0.044
yes
0.01 s^-1
30% vs 50%
0.32
no
control vs 30% 0.007
yes
0.001 s^-1
30% vs 50%
0.38
no
area fraction transverse
strain rate strain pairing p value significant
control vs 30% 0.047
yes
0.1 s^-1
30% vs 50%
0.79
no
control vs 30% 0.21
no
0.01 s^-1
30% vs 50% < 0.001
yes
control vs 30% 0.024
yes
0.001 s^-1
30% vs 50%
0.92
no

Number density and mean area values are reported in Table 3.4 for the twelve test
conditions plus the control. The number density values (cell/µm2) for 30% strain at 0.1 s-1
were 0.000173 ± 0.000047 and 0.000215 ± 0.000014, at 0.01 s-1 0.000158 ± 0.000054
and 0.000259 ± 0.000037, and at 0.001 s-1 0.000214 ± 0.000048 and 0.000248 ±
0.000042, each in the longitudinal and transverse directions respectively. The number
density values (cell/µm2) for 50% strain at 0.1 s-1 were 0.000147 ± 0.00002 and 0.000288
± 0.000044, at 0.01 s-1 0.000193 ± 0.000025 and 0.000288 ± 0.00003, and at 0.001 s-1
0.000193 ± 0.000047 and 0.000287 ± 0.000048, each in the longitudinal and transverse
directions respectively. The number density of the control was 0.000215 ± 0.000047.
Likewise, the mean area of the fibers (µm2) for 30% strain at 0.1 s-1 were 6190 ± 975 and
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4670 ± 320, at 0.01 s-1 6960 ± 2870 and 3920 ± 550, and at 0.001 s-1 4840 ± 1120 and
4100 ± 630, each in the longitudinal and transverse directions respectively. At 50% strain
the mean area of the fibers (µm2) at 0.1 s-1 are 6870 ± 920 and 3480 ± 570, at 0.01 s-1
5370 ± 690 and 3500 ± 380, and at 0.001 s-1 5380 ± 1210 and 3560 ± 650, each in the
longitudinal and transverse directions respectively. The area fraction (µm2) of the control
was 4800 ± 975. Figures 3.16 and 3.17 compare the number density and mean area for
the control, longitudinal, and transverse directions at each strain rate at each strain level.
A trend is observed where the values in the longitudinal direction are lower than the
control and in the transverse direction the values are higher for number density. The
opposite trend is seen for mean area, in the longitudinal direction the values increase and
decrease in the transverse direction. One-way ANOVA tests pairing the longitudinal and
transverse directions for each strain rate at each strain level are summarized in Table 3.5.
There was not a significant difference at 30% strain for any of the three strain rates nor at
50% strain at 0.001 s-1, while at 50% strain there was a significant difference at the 0.1 s-1
and 0.01 s-1 strain rates.
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Figure 3.16

Bar graphs of number density comparing longitudinal and transverse
directions at three strain rates at 30% strain (a, c, e) and 50% strain (b, d, f).
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Figure 3.17

Bar graphs of mean area comparing longitudinal and transverse directions
at three strain rates at 30% strain (a, c, e) and 50% strain (b, d, f).
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Table 3.4

Number density and mean area with standard deviation at 30% strain in the
longitudinal and transverse at three strain rates.

strain rate

30% strain
number density
direction
(cell/µm^2)

control
longitudinal
0.1 s^-1
transverse
longitudinal
0.01 s^-1
transverse
longitudinal
0.001 s^-1
transverse
strain rate

0.000215 ± 0.000047
0.000173 ± 0.000058
0.000215 ± 0.000014
0.000158 ± 0.000054
0.000259 ± 0.000037
0.000214 ± 0.000048
0.000248 ± 0.000042
50% strain
number density
direction
(cell/µm^2)

control
longitudinal
0.1 s^-1
transverse
longitudinal
0.01 s^-1
transverse
longitudinal
0.001 s^-1
transverse

0.000215 ± 0.000047
0.000147 ± 0.00002
0.000288 ± 0.000044
0.000193 ± 0.000025
0.000288 ± 0.00003
0.000193 ± 0.000047
0.000287 ± 0.000048
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mean area
(µm^2)
4800 ± 975
6190 ± 1960
4670 ± 320
6960 ± 2870
3920 ± 550
4840 ± 1120
4100 ± 630
mean area
(µm^2)
4800 ± 975
6870 ± 920
3480 ± 570
5370 ± 690
3500 ± 380
5380 ± 1210
3560 ± 650

Table 3.5

p values for one-way ANOVA tests comparing longitudinal and transverse
directions at 30% and 50% strain at three strain rates in the transverse
direction for number density and mean area.
strain strain rate
0.1 s^-1
30% 0.01 s^-1
0.001 s^-1
0.1 s^-1
50% 0.01 s^-1
0.001 s^-1
strain strain rate
0.1 s^-1
30% 0.01 s^-1
0.001 s^-1
0.1 s^-1
50% 0.01 s^-1
0.001 s^-1

3.4

number density
direction pairing p value significant
L vs T
0.294
no
L vs T
0.056
no
L vs T
0.396
no
L vs T
0.007
yes
L vs T
0.011
yes
L vs T
0.072
no
mean area (µ^2)
direction pairing p value significant
L vs T
0.254
no
L vs T
0.146
no
L vs T
0.369
no
L vs T
0.006
yes
L vs T
0.015
yes
L vs T
0.084
no

Age and freezing effects
Muscle tested in rigor in tension in the longitudinal direction is shown in Figure

3.18 at strain rates of 0.1 s-1, 0.01 s-1, and 0.001 s-1. Stress at failure was 217 kPa for 0.1 s1

n=5, 112 kPa for 0.01 s-1 n=6, and 34.4 kPa for 0.001 s-1 n=6. Figure 3.19 compares the

stress-strain curves of fresh and aged muscle in rigor. With fresh tissue yielding occurred
around a strain of 100%, but when the tissue was in rigor it failed around 40% strain at
rates of 0.1 s-1 and 0.01 s-1, and around 25% strain at a rate of 0.001 s-1. The stress levels
were also lower.
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Figure 3.18

Stress-strain curves for aged porcine muscle in tension in the longitudinal
direction at three strain rates.

Figure 3.19

Stress-strain curves in tension comparing the fresh and aged muscle at
strain rates of 0.1 s-1(a), 0.01 s-1 (b), and 0.001 s-1 (c).
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The stress-strain responses for thawed muscle in compression in the longitudinal
and transverse directions showed the same non-linear strain rate dependent trend as for
fresh muscle (Figures 3.20 and 3.21). In the longitudinal direction the stresses at 50%
strain were 195 kPa, 130 kPa, and 54 kPa with n=5, n=6, and n=6 for strain rates of 0.1 s1

, 0.01 s-1, and 0.001 s-1 respectively. In the transverse direction the stresses at 50% strain

were 338 kPa, 242 kPa and 103 kPa with n=3, n=5, and n=5 for strain rates of 0.1 s-1,
0.01 s-1, and 0.001 s-1 respectively. Figures 3.22 and 3.23 show the stress-strain response
comparison between fresh and thawed samples at each strain rate and in each direction.
There was no significant difference between fresh and thawed response at the strain rates
of 0.1 s-1 and 0.01 s-1 in the longitudinal direction and at the strain rate of 0.001 s-1 in the
transverse direction. For the longitudinal 0.001 s-1 test, as well as the transverse 0.1 s-1
and 0.01 s-1 tests there was a significant difference with the fresh tissue showing a higher
stress response.

Figure 3.20

Stress-strain curves for thawed muscle in compression in the longitudinal
direction at three strain rates.
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Figure 3.21

Stress-strain curves for thawed muscle in compression in the transverse
direction at three strain rates.

Figure 3.22

Stress-strain curves comparing fresh and thawed muscle in compression in
the longitudinal direction at strain rates of 0.1 s-1 (a), 0.01 s-1 (b), and 0.001
s-1 (c).
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Figure 3.23

Stress-strain curves comparing fresh and thawed muscle in compression in
the transverse direction at strain rates of 0.1 s-1(a), 0.01 s-1(b), and 0.001 s1
(c).

Scanning electron micrographs of thawed samples reveal large holes or voids
formed within the muscle fibers (Figure 3.25), which are not seen in fresh samples
(Figure 3.24). In the thawed samples the space between bundles of muscle fibers
increased, showing more connective tissue between the bundles.
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Figure 3.24

SEM showing fresh muscle.

Figure 3.25

SEM showing thawed muscle (a) and close-up of a void in thawed muscle
(b).
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CHAPTER IV
DISCUSSION
4.1

Viscoelastic properties
Biological tissues have a viscoelastic and nonlinear response. Nonlinear stress-

strain curves are typical of viscoelastic soft tissues as seen in Figures 3.1-3.3. In
compression, the initial toe region is a result of fluid being expelled. As the strain
increases the fibers become more compacted and it is harder for fluid to be exuded as
well as there being less fluid. As a result the fibers begin to experience the total of the
compressive force causing the stress to rise sharply. In the initial toe region of the tension
curve, the fibers are aligning, and being stretched within a physiologically normal range.
There is an interaction between the muscle fibers and the surrounding connective tissue
in regards to load bearing. At lower strains the connective tissue bears a significant part
of the load as well. When the stress begins to rise rapidly the connective tissue begins to
fracture causing the fibers to bear the total load until they are damaged at the yield point.
Wilems et al. found small groups of muscle fibers, surrounded by connective tissue, show
65% lower maximum stress, but 793% higher stain than individual muscle fibers. This is
due to connections of the endomysium between the muscle fibers. Forces are transmitted
by shear and thus minimize stress concentration in single fibers [55]. However, individual
fibers without the endomysium membrane yielded at 50% of the strain and 75% of the
stress compared to fibers with membrane [56]. Removing the membrane did not affect
the failure stress though indicating that the endomysium provides resistance to stress.
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Failure always occurs without the influence of the endomysium. Even if present, the
endomysium provides no influence at failure as it is fractured and the myofibrils are
bearing the total load.
Like other viscoelastic materials a strain rate dependent response is observed with
muscle (Figures 3.1-3.3). Previous studies confirm a stiffer response is observed with
increasing strain rate [32, 34, 50]. At slower rates there is more time fibers to adjust and
distribute forces away from the fibers as well as more time for fluid to dissipate. At lower
strain levels there is not a significant difference in strain rates in either compression or
tension. In tension the standard deviation was greater than in compression for every rate
resulting in no significant difference between rates even though the curves diverge with
increasing strain level. Mutungi et al. also observed great variation in tensile testing.
They reported the strain at failure varied from animal to animal but there was little
variation between samples of the same animal [56]. It would seem that significant
variation exists between animals, which is more pronounced in tensile testing compared
with compressive testing. Greater deviation in tension is common in mechanical testing
because defects in the structure tend to affect the response more than in compressive
testing. In tension the stress-strain curve becomes progressively more linear with lower
strain rate. This is an indication that the tissue behaves in a more viscoelastic manner at
higher rates and more elastic at lower rates. A strain rate dependent response is an
indication that in impact situations the tissue will behave differently under different rates
of impact.
Stress-state dependency is also observed in the longitudinal direction in muscle
(Figure 3.7). In compression, 50% strain was the maximum which could be tested
without overloading the load cell of the MACH-1TM. In tension the tissue determined the
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maximum strain level for testing with a yield point around 100% strain. In the toe region
the stress is less in compression than in tension with a greater difference as strain rate
decreases. At higher strains the compressive response shows higher stress than the tensile
response. If the tissue was compressed to higher strain levels it is assumed that the stress
would continue to drastically increase. In normal physiological conditions the stress state
of muscle is tension, but in blast conditions muscle is subjected to compression as well.
In such situations realizing the stress state dependent behavior becomes important.
Muscle can bear strain up to 40% in compression well, but at higher strains the stress
becomes very high. In the physiological loading condition of tension muscle can
withstand strains up to 100%.
Muscle displays other viscoelastic characteristics such as relaxation (Figure 3.8)
and hysteresis. Hysteresis is clearly seen in the loading-unloading curve (Figures 3.4 and
3.5). There is no obvious difference between the loading-unloading curves at the three
strain rates in the transverse direction. The hysteresis appears to be slightly greater with
decreasing strain rate in the longitudinal direction, but this difference may only be an
appearance due to the selection of the representative curves. The loading-unloading
curves indicate muscle has both viscoelastic and viscoplastic behavior. The unloading
curves of Figure 3.4 and 3.5 show a rapid return to zero stress, by 40% strain, indicating
viscoplastic behavior. Viscoplasticity is seen in the difference between the strain values
at which zero stress was measured in the loading and unloading curves indicating the
tissue did not fully recover. The slope of the unloading curve indicates time dependency
or viscoelasticity. Sun et al. obtained a similar shaped curve for loading-unloading
(Figure 4.1). Viscoelastic behavior was observed below 12% strain, but at strains of 16%
and higher plastic behavior was seen [34].
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Figure 4.1

Load-deformation curve for muscle where A is initial force, B is peak
force, C is residual force [34].

Some biological tissues, such as tendon, are anisotropic while others, such as liver
and placenta, are not. Anisotropic behavior was observed in muscle as noted by the
significant difference between the stress-strain response in the longitudinal and transverse
directions (Figure 3.6). Previous studies which tested muscle in multiple directions
confirmed this anisotropy [23, 37, 50]. Muscle in compression in the transverse direction
is significantly stiffer than in the longitudinal direction due to the buckling of the fibers in
the longitudinal direction. In the longitudinal direction the force is born by the fibers
while in the transverse direction the perimysium is the main load bearing element [57].
Connective tissue is stiffer than muscle fibers, which also contributes to a higher
compressive stress response in the transverse direction. Although muscle is anisotropic, it
is transversely isotropic with the fiber axis defining the plane of symmetry. Equilibrium
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compressive moduli (Table 3.1) measure the stiffness of the tissue under compression.
The moduli were significantly different in the longitudinal and transverse directions
further indicating an anisotropic response. The modulus was higher in the transverse
direction confirming the tissue has stiffer behavior in the transverse direction.
4.2

Microstructural analysis
Stress-strain response is a reflection of internal changes in microstructure which

result from mechanical loading. Cross sectional views of H & E staining and SEM were
used to observe changes in the muscle fibers as a result of compression. The amount of
the cross section the muscle fibers covered was measured by area fraction. In both the
longitudinal and transverse directions, the area fraction increased as strain increased from
0% to 30% to 50% (Figure 3.14 and Table 3.2). However there was a significant
difference between the 0% and 30% strain, but not between the 30% and 50% strain
(Table 3.3). This is an indication of fluid being expelled in the toe region of the stressstrain curve (Figures 3.1 and 3.2) causing the space between fibers to decrease. In the H
& E micrographs the space between the fibers is seen to diminish after compressive
loading (Figures 3.12 and 3.13). The SEM shows the connective tissue is also compacted
and looses it structure as it becomes flattened against the fibers as compression increases
(Figures 3.10 and 3.11). Between 30% and 50% strain the area fraction does not change
as drastically because the fluid has already been expelled and the connective tissue has
begun to compact. At higher strain levels the muscle fibers themselves experience the
compressive force and eventually damage occurs to the fibers. The samples at 30% strain
at 0.01 s-1 in the transverse direction did not follow the trend of the other samples and had
a lower area fraction. As a result, unlike all of the other pairings, there was not a
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significant difference between the control and 30% strain while there was a significant
difference between the 30% and 50% strain levels. It is felt that this was an anomaly
resulting from artifacts in the samples. Cryofixation of muscle is difficult as formation of
crystallized water must be avoided. Otherwise artifacts in the form of numerous small
holes develop in the sample. Care was taken to avoid such artifacts, but it is
acknowledged some are likely present which could explain why the samples in the
transverse direction at the 0.01 s-1 rate do not follow the trend.
Number density and area fraction were other parameters used to examine
microstructural changes. Number density is a reflection of how closely packed the fibers
are while area fraction calculates the average area of each fiber. Anisotropic behavior is
also confirmed in microstructural analysis. Number density shows a trend with the values
decreasing in the longitudinal direction and increasing in the transverse direction
compared to the control for each strain rate at both strain levels (Figure 3.16 and 3.4).
The opposite trend is seen for mean area, an increase in the longitudinal direction and a
decrease in the transverse direction (Figure 3.17 and Table 3.4). One-way ANOVA tests
indicate there is not a significant difference between the two directions at 30% strain.
However at the 50% strain level there is a significant difference at the 0.1 s-1 and 0.01 s-1
rates, but not at the 0.001s-1 rate. The mean area values have larger standard deviations in
the longitudinal direction (Figure 3.17 and Table 3.4). The H & E image shows the
presence of some very large fibers (Figure 3.13). It is noted that some of these fibers are
not in a cross sectional view even though a cross section of the sample was cut. As fibers
undergo compression in the longitudinal direction they buckle causing them to no longer
be in a perpendicular orientation and thus the area of the buckled fibers is larger in the
cross section. Buckled fibers can be clearly seen in the SEM (Figure 3.11). As the fibers
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experience compression they may also expand in mean area. This along with buckling of
fibers leads to an increase in mean area of the fibers as well as a larger standard deviation
in the mean area of the fibers. Even though area fraction increases with strain, number
density decreases because the area of each fiber is expanding. In the transverse direction,
as strain increases the compression directly pushes the fibers closer together causing them
to become more closely packed which is reflected in the increase in number density. The
mean area of the fibers decreases as the fibers become more compacted. In the transverse
direction the SEM shows the fascicles as well as the fibers flattening out in the direction
of compression (Figure 3.11). This is observed some on the H & E micrograph as well
(Figure 3.13).
There is no significant difference in area fraction between the three strain rates
(Figure 3.15). However, there appears to be a slight trend towards a greater difference in
various conditions at higher strain rates. For example, in examining number density and
area fraction at 50% strain, it is observed that there is a significant difference between the
longitudinal and transverse directions at 0.1 s-1, and 0.01 s-1, but not at 0.001 s-1. This is a
reflection of a more extreme response being observed with higher strain rate. At lower
rates the tissue has more time to respond and distribute the forces resulting in a less
extreme response.
4.3

Age and freezing effects
Muscle undergoes rapid changes post mortem. ATP is required to release the

myosin heads from actin after the muscle contracts. Upon cell death ATP is no longer
produced, and as the remaining ATP is consumed the muscle fibers become fixed in
contraction resulting in a stiffer response of the tissue to compressive loading. Van
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Loocke et al. compressed ovine and porcine muscle immediately after death and at
regular intervals thereafter. Significant stiffening was observed with the stress at 10%
strain being approximately five and eight times higher for ovine and porcine samples,
respectively, in rigor compared with immediately after death [23]. Van Sligtenhorst et al.
found that bovine muscle showed stress values twice as high between 5 and 27 hours post
mortem compared to samples tested less than 5 hours post mortem. However samples
tested post-rigor, aged 300 hours post mortem, were not significantly different from prerigor samples [53]. The onset of rigor occurs 3-8 hours post mortem depending on several
factors including the stimulation history of the tissue. This presented a challenge in this
study as the tissue often began to enter rigor at the end of the testing period. Van Ee et al.
tested rabbit muscle in tension at regular intervals after death. Significantly higher stress
levels were seen when the muscle went into rigor at 8 hours post mortem. The highest
stress was reached at 12 hours post mortem after which the stress values began to decline
as the muscle went out of rigor reaching pre-rigor values between 26 and 30 hours postmortem. Between 36 and 72 hours the muscle became less stiff than the initial response
[43]. These results indicate that rigor causes significant stiffening of the tissue, but there
is a period post-rigor when the properties are not significantly different from the pre-rigor
properties. The time post mortem when pre-rigor values are reached shows great variance
with one study indicating 26 hours and another 300 hours [43, 53]. The exact period of
time may depend on the species and the handling history of the tissue among other
factors.
In this study, some of the samples tested in tension responded with a steep initial
rise in stress followed by a plateau as seen in Figure 3.18. This type of response tended to
occur later in the testing period and it is felt to be a result of the tissue being in rigor. The
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samples in rigor failed around 40% strain for the 0.1 s-1 and 0.01 s-1 strain rates, and
around 25% for the 0.001 s-1 rate while the fresh samples yielded at a much greater strain,
about 100%. Figure 3.19 compares the stress-strain curves for fresh tissue with the tissue
in rigor, called aged tissue. A hyperbolic shaped curve results when the muscle is in rigor
compared to an exponential shaped curve for fresh muscle. In rigor the tissue shows a
more brittle behavior with a sharper initial rise in stress followed by a plateau in stress,
whereas the fresh tissue has a gradual initial increase in stress followed by a sharper
increase at higher strain. Trotter et al. observed this same trend in the shape of the curves
in their study [20]. This difference in shape between the curves is more pronounced with
higher strain rate indicating that rigor effects become more pronounced as strain rate
increases. The initial rise is a result of the muscle in a state of rigor, being fixed in
contraction, providing greater resistance to elongation. The curve flattens out when the
intracellular cross bridge connections are broken, followed by a drastic elongation with
little change in stress. The collagen connections in the endomysium break and the fibers
pull apart resulting in failure. This type of behavior appeared between 30 min and 6 hours
post mortem indicating that predicting the onset of rigor is complicated. Several factors
including the handling history of the tissue influence the onset of rigor. Muscle is unique
compared to other biological tissues in its ability to function passively and actively. Rigor
is a state of irreversible contraction. The response of muscle in rigor could be similar to
the response of contracted muscle. Stimulated and unstimulated muscle show different
mechanical responses and have different injury thresholds. Garrett et al. showed that
contracted muscles sustained 15% greater force before tearing and absorbed 100%
greater energy compared to relaxed muscles [58]. When muscle functions actively it
increases in stiffness and also modifies the load at the joint relieving ligament loading.
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Active and passive forces both contribute to total muscle response and it can be difficult
to determine the separate passive and active components.
CA Van Ee found that freezing does not change the rigor related response of
muscle in tension. The time the tissue is frozen can be subtracted from the total post
mortem time [43]. This current study tested thawed muscle in compression in the
longitudinal and transverse directions (Figure 3.20 and 3.21). The thawed tissue was
frozen at 7 hours post mortem and tested between 20 and 24 hours after thawing. This
tissue could be considered between 27 and 31 hours post mortem when the length of time
it was frozen was subtracted. A strain rate dependent nonlinear trend was observed as
with fresh tissue. There was a significant difference between the three strain rates in both
directions with the exception of the 0.1 s-1 and 0.01 s-1 strain rates in the longitudinal
direction. Fresh and thawed muscle were compared in the longitudinal and transverse
directions (Figure 3.22 and 3.23). In three of the six conditions there was no significant
difference between the fresh and thawed tissue indicating the post-rigor thawed tissue has
the same stress-strain response as fresh tissue. In three of the conditions there was a
significant difference noted with the thawed sample showing a less stiff response. This
could be due to the thawed sample being aged beyond the point of a pre-rigor value.
While the stress-strain response does not seem to be effected by freezing and thawing the
microstructural properties do. Figure 3.24 shows a SEM of control muscle. The thawed
sample in Figure 3.25 shows the appearance of large voids within the muscle fibers. This
is due to water expanding as it crystallizes upon freezing creating the voids. Clearly
thawed muscle cannot be used for examining structure property relationships due to
significant freezing artifacts.
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4.4

Conclusion
This study has worked towards characterizing the mechanical behavior of muscle

under various conditions and relating it with the structural changes which occur during
tensile and compressive loading. The data gathered in this study can become part of a
comprehensive computational model for injury evaluation. Future work will consist of
completing the stress-state dependency with shear testing. Structure-property
relationships will be examined further by microstructural analysis for samples tested in
tension and in shear. Also high rate stress-strain response will be necessary to supply data
for a comprehensive model validated for high rate impact.
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